The ability of Eukarya, Bacteria and Archaea to perform N-glycosylation underlies the importance and possible antiquity of this post-translational protein modification. However, in contrast to the relatively well-studied eukaryal and bacterial pathways, the archaeal N-glycosylation process is less understood. To remedy this disparity, the following study has examined 56 available archaeal genomes with the aim of identifying glycosyltransferases and oligosaccharyltransferases, including those putatively catalyzing this post-translational processing event. This analysis reveals that while oligosaccharyltransferases, central components of the N-glycosylation pathway, are found across the range of archaeal phenotypes, the N-glycosylation machinery of hyperthermophilic Archaea may well rely on fewer components than do the parallel systems of nonhyperthermophilic Archaea. Moreover, genes encoding predicted glycosyltransferases of hyperthermophilic Archaea tend to be far more scattered within the genome than is the case with nonhyperthermophilic species, where putative glycosyltransferase genes are often clustered around identified oligosaccharyltransferase-encoding sequences.
Introduction
Long held to be a process unique to Eukarya, it is now clear that members of all three domains of life are capable of performing N-glycosylation (Eichler & Adams, 2005; Szymanski & Wren, 2005; Weerepana & Imperiali, 2006) . Indeed, the ability of Archaea to perform N-glycosylation has been known since the late 1970s, when examination of the S-layer glycoprotein of Halobacterium salinarum provided the first example of a noneukaryal N-glycosylated protein (Mescher & Strominger, 1976) . Studies performed at the time provided initial information on the steps involved in the archaeal version of this post-translational modification (see Sumper, 1987; Lechner & Wieland, 1989) . More detailed insight into archaeal N-glycosylation has emerged from recent analysis of the process in three model organisms, namely the halophile Haloferax volcanii and the methanogens Methanococcus voltae and Methanococcus maripaludis S2. In these species, gene deletion, complementation and MS approaches have identified genes encoding proteins responsible for generating the oligosaccharides that decorate N-glycosylated reporter proteins (see Abu-Qarn et al., 2008a; Yurist-Doutsch et al., 2008a) .
Archaeal N-glycosylation presents aspects of the process seemingly unique to this form of life, including variability in the nature of the sugar subunit linking an oligosaccharide to the modified Asn residue, the variety seen in the N-linked oligosaccharide composition and, apparently, the promiscuity in target recognition by the archaeal oligosaccharyltransferase (see Eichler & Adams, 2005) , namely that enzyme responsible for the transfer of an oligosaccharide from its lipid carrier to the Asn residue being modified (Yan & Lennarz, 2002; Kelleher & Gilmore, 2006) . Nonetheless, archaeal N-glycosylation shares much in common with its eukaryal counterpart. Like Eukarya (Burda & Aebi, 1999) , Archaea also use dolichol as the lipid species upon which the oligosaccharide is assembled; in each system, both dolichol phosphate and dolichol pyrophosphate are used (Sumper, 1987; Lechner & Wieland, 1989) . Modification of the lipid-linked oligosaccharide following its translocation across the membrane has been reported to occur in both Eukarya and Archaea, but not in Bacteria (Lechner et al., 1985; Varki, 1998) . In addition, the Asn-linking sugar used in eukaryal N-glycosylation, i.e. N-acetylglucosamine, plays a similar role in some archaeal species (Paul et al., 1986) ; in bacterial N-glycosylation, bacillosamine is the linking sugar (Young et al., 2002) . Finally, both the eukaryal and the archaeal Nglycosylation pathways modify the Asn residue found within the Asn-X-Ser/Thr motif (Marshall, 1974; , unlike the more complicated Asp/Glu-Z-Asn-X-Ser/Thr motif used in Bacteria (Kowarik et al., 2006) , despite the fact that the archaeal oligosaccharyltransferase comprises a single subunit (Abu-Qarn & Eichler, 2006; Chaban et al., 2006; Igura et al., 2008) , like its bacterial counterpart (Wacker et al., 2002; Feldman et al., 2005) . Thus, N-glycosylation in Archaea can be considered a biological mosaic, incorporating aspects of the process from all three domains of life.
To better understand N-glycosylation from a broader evolutionary perspective, more information on the archaeal version of the protein-processing event is required. Accordingly, the genome sequences of 56 archaeal species were assessed for the presence and genomic organization of predicted glycosyltransferases and oligosaccharyltranferases. This analysis suggests that while N-glycosylation is seemingly performed in Archaea existing across a range of environmental extremes, including hypersalinity, extremes of pH and excessive pressure, hyperthermophilic Archaea seemingly encode fewer glycosyltransferases than do nonhyperthermophilic species. Moreover, genes encoding predicted glycosyltransferases in hyperthermophilic Archaea are more likely to be scattered within the genome than is the case for nonhyperthermophilic species, where such genes tend to be clustered around an oligosaccharyltransferase-encoding sequence. The implications of these observations are considered.
Materials and methods
Predicted archaeal glycosyltransferase and oligosaccharyltransferase sequences were obtained from the carbohydrateactive enzymes (CAZy) database (http://www.cazy.org/fam/ acc_GT.html). To identify haloarchaeal homologues of H. volcanii Agl proteins or methanoarchaeal homologues of M. voltae or M. maripaludis S2 Agl proteins, BLAT [a homology-based search tool available at the USCS Genome Browser (http://archaea.ucsc.edu/)] or PSI-BLAST analyses of archaeal genomes (http://www.ncbi.nlm.nih.gov/sutils/gen om_table.cgi?) were performed. Phylogenetic trees were generated using the neighbor-joining method with the MEGA package (Tamura et al., 2007) .
Results and discussion

Glycosyltransferases in Archaea
In Eukarya, Bacteria and, apparently, Archaea, N-linked glycans decorating glycoproteins are initially assembled on lipid carriers by specific glycosyltransferases catalyzing the sequential transfer of monosaccharide subunits either from soluble nucleotide-activated donors or from monosaccharide-charged lipid carriers to generate a lipid-linked oligosaccharide (Lechner & Wieland, 1989; Burda & Aebi, 1999; Linton et al., 2005; Abu-Qarn et al., 2008a; Yurist-Doutsch et al., 2008a) . Based on their amino acid similarities, glycosyltransferases, including those involved in N-glycosylation, can be classified into 89 GT families (April 2009; Campbell et al., 1997; Coutinho et al., 2003) , listed at the (CAZy) database (http://www.cazy.org/fam/acc_GT.html; Cantarel et al., 2009) . The GT families can be further grouped based on whether the canonical GT-A or GT-B fold is used or whether the catalytic mechanism used by a family results in retained or inverted substrate stereochemistry (Lairson et al., 2008) .
A listing of the predicted archaeal glycosyltransferases included in the CAZy database (April 2009) is presented in Supporting Information, Table S1. The table reveals that in the 56 completed genomes considered, members of the GT2 and GT4 families predominate. Indeed, the GT2 and GT4 families combine to account for about 50% of all glycosyltransferases across evolution (Lairson et al., 2008) . GT2 and GT4 family members catalyze a wide variety of reactions, including many steps in N-glycosylation pathways. The most CAZy database-designated archaeal GT2 family members are found in Methanosphaera stadtmanae (24), while the most archaeal GT4 family members are detected in Methanosarcina mazei (26). Other species that contain high numbers of GT2 and GT4 family members include Methanosarcina barkeri (20 and 23, respectively), Methanoculleus marisnigri (14 and 24, respectively), Methanosarcina acetivorans (13 and 19, respectively) and Haloarcula marismortui (15 and 17, respectively). By contrast, the fewest GT2 and GT4 glycosyltransferases are found in the hyperthermophiles, defined as organisms with optimal growth temperatures 4 80 1C. Of the 24 hyperthermophilic species considered in this study (Table S2 ), only 7.0 (AE 3.3, SD) GT2 and 7.0 (AE 4.3) GT4 family members are detected, on average. By contrast, the 32 nonhyperthermophilic species considered contained 10.3 (AE 5.6) GT2 and 10.1 (AE 6.7) GT4 family members, on average. These differences are statistically significant to a confidence level 4 95% (GT2) or 4 98% (GT4), according to Student's two-tailed t-test (Fig. 1) .
The hyperthermophiles also include Nanoarchaeum equitans, encoding the smallest genome known (490 885 base pairs; Huber et al., 2002; Waters et al., 2003) , where only a single GT2 and two GT4 glycosyltransferases are reported, as well as Ignicoccus hospitalis (the symbiotic host of N. equitans; Paper et al., 2007) , where two GT2 and a single GT4 glycosyltransferases are detected. Accordingly, it has been proposed that the GT-A fold-containing inverting GT2 family and the GT-B fold-containing retaining GT4 family correspond to the prototypic glycosyltranferases from which the array of enzymes observed today evolved (Lairson et al., 2008) .
In addition to GT2 and GT4 glycosyltransferases, the Archaea examined also encode a limited number of glycosyltransferases assigned to 13 other families, namely GT1, 3, 5, 9, 11, 20, 28, 35, 55, 66, 75, 81 and 84 (Table S1 ). In fact, the Archaea encode glycosyltransferases belonging to fewer of the 89 different GT families than are encoded in Bacteria (782 genomes encoding members of 54 GT families) or Eukarya (32 genomes encoding members of 67 GT families). The relatively limited GT family diversity seen in Archaea could be considered as reflecting the ancient distribution of these genes. Apart from the GT66 family, discussed in detail below, the GT35 family, present in 28 of the genomes, is most prevalant in Archaea, followed by the GT1 family, detected in 21 species. In most cases, only single members of the GT35 and GT1 families are detected, although M. marisnigri and M. barkeri each contain two GT35 family members, while M. acetivorans, M. barkeri, M. mazei and M. stadtmanae contain two or three GT1 glycosyltransferases. Despite their prevalence, no N-glycosylation-related function of archaeal GT35 family members, corresponding to glycogen phosphorylases, is clear. The same holds true for archaeal members of the GT3 family, corresponding to glycogen synthases, or of the GT20 family, corresponding to trehalose phosphate synthases. Finally, no relation was discerned between optimal growth temperature and the number of GT families represented in a given species.
Homologues of the oligosaccharyltransferase, aglB, in sequenced archaeal genomes Once assembled, oligosaccharides are transferred to select Asn residues of target proteins via the actions of the oligosaccharyltransferase (Fig. 1) . In Archaea, AglB fulfills this role (Abu-Qarn & Eichler, 2006; Chaban et al., 2006; Igura et al., 2008) . When the 56 complete archaeal genome sequences listed at the CAZy database were probed for the presence of an oligosaccharyltransferase (glycosyltransferase family GT66), all but five species contained at least one AglB-encoding gene (Table 1) . Specifically, no oligosaccharyltransferases are listed in the CAZy database for the hyperthermophiles, Aeropyrum pernix, Methanopyrus kandleri or N. equitans, or for the thermophiles, Picrophilus torridus or Thermoplasma volcanium.
AglB and its respective eukaryal and bacterial homologues, Stt3 and PglB, all include a WWDXG motif implicated in the catalytic mechanism of the enzyme (Wacker et al., 2002; Igura et al., 2008) . Accordingly, AglB homologues in strains seemingly lacking this N-glycosylation component were sought by BLAT analysis or by PSI-BLAST, using the AglB sequences of a phylogenetically proximal species as bait. Any identified candidates were then scanned for the presence of a WWDXG motif. In this manner, N. equitans NEQ155, P. torridus PTO0786 and T. volcanium TVN1212 were identified as AglB homologues. Topological predictions using the TMHMM 2.0 topology-predicting algorithm (http://www. cbs.dtu.dk/services/TMHMM-2.0/) assigned N. equitans NEQ155 and T. volcanium TVN1212 the multimembranespanning topology of AglB/Stt3 proteins. In the case of P. torridus PTO0786, the three predicted transmembrane domains are far fewer than the 10-15 such domains assigned to the other archaeal AglB proteins and eukaryal Stt3 proteins. However, the preceding protein, PTO0785, also annotated as being an oligosaccharyltransferase despite lacking the consensus WWDXG motif, is predicted to span the membrane nine times. The possibility exists, therefore, that the two proteins act together, or rather, were erroneously divided into two sequences during genome sequencing and annotation. Further support for N. equitans NEQ155 and P. torridus PTO0785/0786 corresponding to AglB homologues comes from the DXXK motif detected downstream of the WWDXG sequence. The DXXK motif, first detected in Pyrococcus furiosus PF0156, was shown to be important for oligosaccharyltransferase activity (Igura et al., 2008) . No such motif was, however, detected in T. volcanium TVN1212. Finally, these homology-based searches, as well as visual inspection, failed to detect AglB sequences in the A. pernix or M. kandleri genomes, suggesting that N-glycosylation does not occur in these hyperthermophilic species. The possibility that proteins apart from AglB could serve as oligosaccharyltransferases in N-glycosylation in these species, however, remains.
On the other hand, numerous species are listed at the CAZy database as containing two to four versions of AglB (Table 1) . Analysis of the multiple putative AglB sequences for the presence of the consensus WWDXG motif revealed that no such motif is found in Methanosaeta thermophila Mthe_1548, Methanospirillum hungatei Mhun_2270 or Mhun_3138, or Methanothermobacter thermoautotrophicus DH MTH420, MTH1898 or MTH1906, implying that these sequences do not, in fact, correspond to AglB homologues. It is of note that in M. acetivorans, M. barkeri and M. mazei, putative AglB homologues (i.e. MA_3752, MA_3753 and MA_3754, Mbar_A2042 and Mbar_A2043, and MM_0646 and MM_0647, respectively) lie adjacent to each other on the genome, likely as a result of gene duplication events. The same is likely the case for uncultured methanogenic archaeon RC-I LRC539 and LRC541, separated by a single sequence. This prediction is supported by phylogenetic analysis, which closely groups these sequences (Fig. 2) . Indeed, the duplication of genes encoding AglB homologues of Archaeoglobus fulgidus (AF0040, AF0329), Candidatus Methanoregula boonei, M. marisnigri and M. hungatei is also supported by the phylogenetic analysis. On the other hand, the AglB homologues from M. thermophila, M. hungatei, Pyrococcus abyssi, P. furiosus, Pyrococcus horikoshii, Thermococcus kodakaraensis and Thermococcus onnurineus are more distally related. The same is the case for at least one homologue from A. fulgidus (AF0380), M. acetivorans (MA_1172), M. barkeri (Mbar_A0368), M. mazei (MM_2210) and the uncultured methanogenic archaeon RC-I (LRC558).
The role for encoding multiple AglB proteins in a single strain is unclear, given that in Halobacterium halobium, the S-layer glycoprotein contains two different glycan structures, each Asn-linked through distinct sugars, despite the detection of only a single AglB protein in this species (Zeitler et al., 1998) . Indeed, it remains to be shown that the multiple versions of AglB encoded in the same genome are all expressed, whether they are differentially expressed as a function of growth or other conditions, and/or whether they all catalyze the transfer of the same oligosaccharides.
Finally, no homologues of Ost1, Ost2, Ost3, Ost4, Ost5, Ost6, Wbp1 or Swp1, additional components of the multimeric eukaryal oligosaccharyltransferase complex, were identified in any of the archaeal species considered here. This finding is in agreement with earlier efforts assigning oligosaccharyltransferase activity in Archaea to AglB, the homologue of Stt3 (Abu-Qarn & Eichler, 2006; Chaban et al., 2006; Igura et al., 2008) . In Eukarya, Stt3 serves as the catalytic subunit of the oligosaccharyltransferase complex (Yan & Lennarz, 2002; Kelleher & Gilmore, 2006) .
Distribution of putative glycosyltransferases in aglB-encoding archaeal genomes
Archaeal genomes can organize genes associated with a given function into clusters, although the extent of clustering can vary between species, even those closely related. For example, while H. volcanii, M. maripaludis S2 and M. voltae all contain agl genes, these are differentially distributed in each case. In H. volcanii, genes encoding all known Agl proteins in this species, apart from AglD, are found in a single algB-based gene cluster that also includes other nonglycosyltransferase-encoding agl sequences that serve various N-glycosylation-related functions (Yurist-Doutsch & Eichler, 2009) . By contrast, in M. voltae and M. maripaludis S2, the agl genes are more widely distributed in the genome, with only some agl genes being found in proximity to aglB or other agl sequences (Chaban et al., 2009; Vandyke et al., 2009) . Specifically, in M. maripaludis S2, AglB and a homologue of M. voltae AglC are encoded by MMP1424 and Fig. 2 . The archaeal AglB phylogenetic tree. The tree was generated using the neighbor-joining method with the MEGA package (Tamura et al., 2007) . The bar represents two substitutions per 100 positions. Bootstrap values are indicated at branch nodes. The sources of the various sequences presented are listed in Table 1. 1423, respectively, while AglA, AlgL and AglO are, respectively, encoded by MMP1080, 1088 and 1079, respectively. In Table 2 , the genomic organization of glycosyltransferases into aglB-based clusters in the genomes considered in this study is listed.
As reported previously (Yurist-Doutsch & Eichler, 2009 ), the H. volcanii agl homologues found in Halobacterium sp. NRC-1, Haloquadratum walsbyi and H. marismortui are, for the most part, clustered, with the aglB homologue serving as the cluster anchor. It is now reported that the same holds true in H. salinarum. Moreover, in each case, additional glycosyltransferases not identified as agl homologues are included in these aglB-based gene clusters (e.g. Halobacterium sp. NRC-1 VNG1059C, H. salinarum OE2535R, H. walsbyi HQ2682A and 2691A and H. marismortui rrnAC412 and 429). In Halorubrum lacusprofundi, the homologues of aglB and aglG lay adjacent to each other (Hlac_1062 and 1063, respectively), with an additional GT4 glycosyltransferase, Hlac_1067, lying nearby. By contrast, the Halobacterium sp. NRC-1, H. salinarum, H. walsbyi and H. marismortui homologues of aglD, as well as the H. lacusprofundi homologue of aglJ, are found at positions distant from the agl gene cluster. Similarly, a H. marismortui homologue of M. voltae aglK identified in the present study lies a considerable distance from the cluster that includes homologues of aglB, aglG, aglI and aglJ (49). The presence of aglB-based gene clusters that include sequences homologous to H. volcanii agl glycosyltransferases and/or other glycosyltransferases does not, however, hold true for the haloalkaliphile Natromonas pharaonis, where such sequences are scattered throughout the genome (Yurist-Doutsch & Eichler, 2009 ).
In the methanogens, the clustering of putative glycosyltransferase-encoding genes around an aglB-homologous sequence is observed to varying degrees. Substantial clustering is most prevalent in those species containing multiple aglB homologues. For example, in M. acetivorans, the aglB homologue, MA_1172, lies adjacent to the glycosyltransferase-encoding MA_1175, 1179 MA_1175, , 1180 MA_1175, , 1183 MA_1175, , 1184 MA_1175, , 1186 and 1187 sequences, while the aglB homologues, MA_3752-3754, are clustered with the glycosyltransferase-encoding MA_3755-3757 sequences. Other methanogens showed lesser degrees of aglB-based clustering. In Methanococcus aeolicus, M. maripaludis C5, C6 and C7, and Methanococcus vannielii, the AglB-encoding sequence is found adjacent to an M. voltae aglH homologue, while in C. Methanoregula boonei, Methanocorpusculum labreanum and M. marisnigri, the aglB homologue is found next to a different predicted glycosyltransferase-encoding sequence. By contrast, no aglBcentered putative glycosyltransferase gene-encoding clusters were detected in Candidatus Methanosphaerula palustris, Methanobrevibacter smithii, Methanococcoides burtonii, M. thermophila, M. thermoautotrophicus DH, M. stadtmanae or the hyperthermophile, Methanocaldococcus jannaschii. Indeed, in contrast to the significant degree of gene organization observed in the halophiles and many methanogens, aglB-based clustering of genes encoding predicted glycosyltransferases is only observed in a limited number of hyperthermophilic Archaea. For instance, the A. fulgidus aglB homologue, AF0380, is found near the predicted glycosyltransferase AF0387. Similarly, the other aglB homologues in this species, AF0329 and 0040, are adjacent to the glycosyltransferase-encoding AF0322 and AF0038, 0039, 0043 and 0045 sequences, respectively. By contrast, no aglB-centered clusters containing predicted glycosyltransferases were detected in 17 of the 22 hyperthermophilic genomes where an aglB homologue was detected (i.e. 77%), including P. furiosus, where AglB has been functionally characterized (Igura et al., 2008) . This situation is in striking contrast to what is observed in the nonhyperthermophilic genomes considered in this study, where only 11 of 41 genomes (i.e. 27%) present no aglB-centered clusters containing genes putatively encoding glycosyltransferases. Still, the possibility remains that hyperthermophilic Archaea encode glycosyltransferases not readily identified based on sequence homology. The clustering of such sequences would not be detected by the approach used here.
Conclusions
Despite the fact that N-glycosylated proteins have been reported in a wide variety of archaeal species (see Abu-Qarn & Eichler, 2006) , little is known of the process of this posttranslational modification in the majority. To date, progress in delineating the archaeal N-glycosylation pathway has essentially been realized only in H. volcanii, where AglD, AglE, AglG, AglI and AglJ are thought to act as glycosyltransferases Yurist-Doutsch et al., 2008b) , and in M. maripaludis S2 and M. voltae, where AglA, AglC, AglH, AglK, AglL and AglO are putative glycosyltransferases in one or both organisms (Chaban et al., 2006 (Chaban et al., , 2009 Shams-Eldin et al., 2008; Vandyke et al., 2009 ). In all three species, AglB serves as the oligosaccharyltransferase (Abu-Qarn & Eichler, 2006; Chaban et al., 2006; Vandyke et al., 2009) . With the aim of augmenting the limited body of information on archaeal N-glycosylation and to describe the distribution of this post-translational modification in Archaea, the present study has listed putative archaeal glycosyltransferases and oligosaccharyltransferases along species lines and analyzed their genomic distribution.
This analysis revealed that all but two of the species considered contain at least one member of the GT66 family, corresponding to the archaeal oligosaccharyltransferase, AglB, pointing to N-glycosylation as being widely distributed in Archaea. In performing this post-translational modification, Archaea apparently rely on glycosyltransferases essentially belonging to either the CAZy GT2 or GT4 families, to which the vast majority of these archaeal enzymes are assigned. In Campylobacter jejuni, the only bacterial species for which an N-glycosylation pathway is defined (Linton et al., 2005) , the Pgl glycosyltransferases participating in this pathway that are listed in the CAZy database are also assigned to the GT2 or GT4 families. By contrast, glycosyltransferases involved in eukaryal N-glycosylation are assigned to a variety of CAZy GT families.
One striking observation made in this study is the lower number of glycosyltransferases in the 24 hyperthermophilic species considered. Moreover, hyperthermophiles encoding an AglB homologue are approximately three times less likely to place the sequence encoding this oligosaccharyltransferase within a gene cluster also containing sequences encoding glycosyltransferases. Because gene clustering is often indicative of coordinated regulation (as has been shown to be the case with H. volcanii aglB, aglG, aglF and aglI; Yurist-Doutsch & Eichler, 2009), a lack of aglB-based gene clustering could argue that in the hyperthermophiles, this post-translational modification is less emphasized than in species growing at lower temperatures. On the other hand, the possibility that some form of selective pressure prevents aglB-based gene clustering in the hyperthermophiles cannot be discounted.
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